Introduction
============

Modern medical research requires highly sensitive, multiplexed assays of cellular biomarkers to interrogate the complex biology of underlying diseases.[@cit1]--[@cit3] Many cellular markers associated with pathogenesis are expressed at low levels making detection difficult.[@cit4] Flow cytometry requires exceptionally bright fluorophores for the analysis of low abundance biomarkers, but their use is limited by the spectral overlap when they are used in highly multiplexed experiments.[@cit5]

Mass cytometry (MC) was designed to overcome the multiplexing limitations of flow cytometry by employing heavy metal isotopes as tags, which results in no background signal, and at the same time enables the measurement of over 40 markers per cell.[@cit6] MC combines cytometric injection of cells with inductively coupled plasma ionization and time-of-flight mass spectrometry detection.[@cit7] Since the classic contribution of Nolan and coworkers[@cit8] in 2011 demonstrating the ability of mass cytometry to provide a uniquely detailed view of cell differentiation in the human hematopoietic system, more than 300 papers have been published that take advantage of this technique.[@cit9] In a commentary in *Science* on the Nolan group contribution, Benoist and Hacohen[@cit10] suggest that "Mass cytometry is poised to revolutionize our studies of disorders in the human immune system by probing multiple critical parameters in parallel, across a broad range of cells and pathways." Recent issues of *J. Immunol. Methods*[@cit11]and *Cytometry Part B*[@cit12] devoted to MC provide an overview of the current state of the art.

Unfortunately, with currently available reagents, MC lacks the sensitivity observed in flow cytometry with the brightest fluorophores (*e.g.*, phycoerythrin), and this complicates the detection of low-abundance cellular biomarkers by MC.[@cit13] Current heavy metal isotope tags (mass tags) used in MC are metal-chelating polymers (MCPs) that carry 20--50 metal atoms per tag, corresponding to 50 to 200 metal atoms per antibody--MCP conjugate.[@cit14]--[@cit16] For detecting low-abundance biomarkers, mass cytometry requires 'brighter' mass tags which can be obtained by substantially increasing the number of metal atoms per tag.[@cit13]

There have been two approaches so far to increase the number of metal atoms per tag. One approach is to conjugate Abs to semiconducting polymer-micelle dots carrying chelators for lanthanide ions.[@cit17] On average, these polymer-micelle dots contain *ca.* 1000 to 2000 lanthanide ions. With these reagents, researchers observed an increase in sensitivity by a factor of 4 to 6 over a commercial MCP reagent, depending on the marker studied.

The second approach is to increase the number of metals per tag by using inorganic nanoparticles. These nanoparticles, depending on their size, carry hundreds or thousands of metal atoms per tag. We are aware of two publications that used a commercially available CD3-CdSe quantum dot (QD) conjugate as part of a MC panel.[@cit18],[@cit19] These QDs have been shown to contain about 800 Cd atoms (1.49 × 10^--13^ μg Cd per QD)[@cit20] of which 21.4% is ^112^Cd and 28.75% is ^114^Cd. Thus the number of each isotope per Ab is comparable to the number of lanthanide isotope on a MCP reagent. Note that Cd isotopes have masses in the low sensitivity range of the MC detector[@cit21] and are not appropriate in this size range as high sensitivity reagents.

In an attempt to improve sensitivity in MC measurements, Schultz and coworkers employed commercially available streptavidin coated silver nanoparticles of two different diameters (*d*), 10 and 40 nm, to identify the marker CD25 in peripheral blood mononuclear cells (PBMC).[@cit22] With the *d* = 40 nm silver NPs, they achieved an enhancement in sensitivity of only 2 to 3 times over a MCP reagent. This increase is surprisingly small, as a 40 nm silver NP contains about 2 million silver atoms, of which 51.8% are the ^107^Ag isotope. Depending on the transmission coefficient of Ag for their instrument (on the order of 10^--5^), each 40 nm NP should generate at least 20 to 30 counts of signal. These reports on enhancing the sensitivity of the MC signal did not seem to fulfill the theoretical potential of nanoparticle reagents.

There are two reported examples of MC-based single cell assays that provide valuable information about NP--cell interactions and about the advantages of NP reagents for MC. Irvine and coworkers[@cit23] administered gold NPs intratracheally to a mouse model to understand, at the cellular level, the biodistribution of the NPs for drug delivery and imaging applications. Comparing BODIPY-labelled NPs, detected by flow cytometry, with unlabeled NPs detected by MC they found significantly greater sensitivity using MC. By flow cytometry, they found gold NPs associated with only 12 to 24% of the cells. In contrast, MC showed that the NPs were present in more than 96% of the cells, and the gold NPs were concentrated in the macrophages. This experiment shows the power of MC for the study of NPs in biological samples compared to other common analysis techniques.

Muller and coworkers[@cit24] used MC to study the toxicity of 10 nm silver NPs to bacterial cells. Increasing NP concentrations led to significant toxicity, and, interestingly, there was a heterogeneous distribution of silver NPs among the bacterial cells.

Lanthanide nanoparticles of the general form NaLnF~4~ are particularly attractive as potential high sensitivity reagents for MC-based single cell assays. A number of research groups have reported the synthesis of lanthanide-doped NaYF~4~ NPs for optical upconversion applications and NaGdF~4~ NPs as contrast agents for magnetic resonance imaging applications.[@cit25]--[@cit28] Thus effective synthesis protocols are available,[@cit29]--[@cit31] and we have developed syntheses of spherical NaLnF~4~ NPs of uniform size for a range of Ln elements.[@cit32] A bigger challenge is to coat them to make them compatible with cell suspensions in physiological media. The coating has to provide colloidal stability in phosphate-containing media and contain "stealth" polymers such as polyethylene glycol (PEG) to minimize or eliminate non-specific interactions with cells.[@cit33] Elimination of non-specific binding to cells is particularly problematic.

We are interested in using NPs to detect low-abundance biomarkers (\<1000 per cell), and typical cell staining conditions require 10^6^ Abs per cell. Thus even 0.1% non-specific binding would appear as a false positive signal. The demands for suppressing non-specific binding are far more stringent for MC than for other applications that involve treating cells with NPs. We have examined ligand exchange of the as-synthesized, oleate-coated NaLnF~4~ NPs with multidentate ligands based on PEG chains end-labeled with two or four phosphonate groups.[@cit34],[@cit35] We also explored coating 30 nm NaYF~4~:Yb,Er upconverting NPs with lipid bilayers containing a PEGylated lipid.[@cit36] Low to modest levels of non-specific interactions with cells were found with these highly stable bilayer lipid coated NPs. For example, using THP-1 cells and KG1a cells treated with a dosage of 10 000 NPs per cell led to non-specific binding of between 3 to 10 NPs per cell. These *d* ≈ 30 nm NaYF~4~ NPs generated on the order of 4 to 5 counts per NP in the yttrium channel. This resulted in a background signal reaching 30 to 40 counts. This low level is still above the target we hope to achieve in next-generation experiments with Ab-labeled NPs. We address two major challenges in this paper. The first is to develop a surface modification process which will exhibit very minimal non-specific binding. The second is to conjugate Abs to the NPs in a way that will lead to a substantial enhancement in signal when compared to that of the current MCP based reagents.

Here we describe experiments in which we coated *d* = 12 nm NaHoF~4~ NPs with a thin shell of silica which was then functionalized with heterobifunctional PEGs. The --COOH groups at the distal ends of the PEGs serve as sites to attach antibodies. We tested these NPs for their ability to detect biomarkers on a variety of cell lines. Labeling a goat anti-mouse (GAM) secondary antibody with the PEGylated NPs enables experiments to determine specific and non-specific binding, in the presence and absence of a mouse primary antibody. Labeling biomarkers with a broad range of expression levels showed a substantial enhancement of sensitivity for these NP reagents compared to the same GAM antibody sample labeled with a commercial MCP. In experiments labeling a primary antibody (anti-CD14) with the silica-coated NaHoF~4~ NPs we observe more than a 450-fold enhancement in signal of U937 cells compared to the corresponding MCP reagent.

Results and discussion
======================

Nanoparticle synthesis
----------------------

Our primary goal is to develop NP reagents able to identify low abundance cellular markers by MC. We chose NaHoF~4~ nanoparticles because Ho is monoisotopic and its atomic mass (165) corresponds to the maximum sensitivity of our (CyTOF®-2) mass cytometry instrument. The *d* = 12 nm NaHoF~4~ NPs we use are close to the size of an antibody and contain sufficient Ho (*ca.* 12 000 atoms per NP) to register to 2--3 counts upon passage through the mass cytometry instrument. Oleic acid stabilized NaHoF~4~ NPs (*d* = 12 ± 0.6 nm) were synthesized by optimizing the conditions for the solvothermal coprecipitation method originally reported for NaYF~4~ NPs by Zhang and coworkers[@cit29] (see details in ESI[†](#fn1){ref-type="fn"}). A transmission electron microscopy image (TEM) of these NPs is presented in [Fig. 1A](#fig1){ref-type="fig"}. Particles with a narrow size distribution are essential for mass cytometry applications, because one needs to minimize the variation in metal atom content among NPs. These NPs were then coated with a silica shell through a reverse microemulsion process.[@cit37] We found that the silica shell increased the diameter of the NaHoF~4~ NPs to 21.3 ± 1.1 nm, which corresponds to a shell thickness of *ca.* 5 nm ([Fig. 1B](#fig1){ref-type="fig"}). The narrow size distribution after the silica coating confirms that the NPs were uniformly coated with a silica layer.

![TEM images of (A) oleate coated NaHoF~4~ NPs, *d* = 12.0 ± 0.6 nm, (B) NaHoF~4~\@SiO~2~ NPs, after coating with a silica shell, *d* = 21.3 ± 1.1 nm. The scale bars are 100 nm.](c8sc04407d-f1){#fig1}

In order to provide colloidal stability in aqueous media and suppress non-specific binding to cells, the NPs were functionalized with PEG chains through a two-step process. The surface of the silica\@NaHoF~4~ NPs was modified by hydrolyzing mercaptopropyl trimethoxysilane (MPTMS) in ethanol at 85 °C to introduce thiol groups on the surface of the silica. The thiol-functionalized silica-coated NaHoF~4~ NPs could be dispersed in water. The particles oxidized on storage and thus were treated immediately with a heterobifunctional maleimide-PEG5k-COOH (*M* ≈ 5000 g mol^--1^), leading to colloidally stable species. Characterization by dynamic light scattering (DLS) measurements gave a *z*-average hydrodynamic diameter (*d*~*z*~) of 100 nm. As shown in Fig. S1 (ESI[†](#fn1){ref-type="fn"}), these NPs maintained the same hydrodynamic diameter in PBS buffer as in water. They showed no sign of aggregation in PBS buffer as monitored by DLS over 24 h, but we did not monitor colloidal stability in PBS buffer over longer times. The NPs could be stored in water for several months and the *d*~*z*~ of the NPs did not change over time (data not shown). The PEG-chain content of the NPs was determined using an Ellman\'s assay for thiol groups, before and after treatment of a NP sample with the maleimide-PEG5k-COOH reagent. In this way, we calculate approximately 830 PEG chains per silica-coated NP (details are provided in ESI[†](#fn1){ref-type="fn"}). This corresponds to a density of 0.4 PEG chains per nm^2^.

Antibody conjugation
--------------------

A schematic of the antibody conjugation process is presented in [Fig. 2](#fig2){ref-type="fig"}. First, the COOH groups on the surface of NP-PEG-COOH were activated by reacting with EDC and sulfo-NHS. These NHS esters were then condensed with *N*-(2-aminoethyl)maleimide to introduce maleimide groups. In parallel, an antibody sample (goat anti-mouse Ab (GAM), or an anti-CD14 Ab) was treated with Traut\'s reagent to introduce reactive thiol groups. The maleimide-activated NPs and the thiolated antibodies were prepared synchronously and conjugated immediately, using an excess of Abs (*ca.* 45 Abs per NP), to minimize spontaneous hydrolysis of the maleimide groups and oxidation of the thiols. The NP--Ab conjugates were purified from unbound antibodies by sedimentation (16 000 × *g*, 20 min) and the pellet was washed with PBS buffer. The conjugates were stored at 4 °C in PBS buffer containing 0.5% (w/v) BSA and maintained colloidal stability over the 7 days that they were monitored.

![Preparation of the NaHoF~4~ NP--GAM--Ab conjugate *via* thiol-maleimide coupling. The COOH groups on the NP surface were first activated by (1) EDC and sulfo-NHS in MES buffer at pH 5.5, then the sulfo-NHS esters were displaced with (2) *N*-(2-aminoethyl)maleimide to introduce maleimide groups to the NPs. At the same time, the GAM Fc Ab was reacted with Traut\'s reagent in PBS at pH 8.0 to introduce thiol groups onto the Ab. The maleimide-activated NPs were then reacted with the thiolated Abs (*ca.* 45 Abs per NP) for 16 h in 50 mM PB, 75 mM NaCl, 2 mM EDTA, pH 7.2 solution to form the Ab--NP conjugates. The NPs were purified by sedimentation at 16 000 × *g* for 20 minutes. After the centrifugation step, a Bradford assay of the supernatant led to a value of *ca.* 22 Abs per NP.](c8sc04407d-f2){#fig2}

The NP--GAM conjugates were examined by TEM and by DLS in PBS buffer. As seen in Fig. S2,[†](#fn1){ref-type="fn"} we obtained a monomodal CONTIN plot, and the sample was characterized by *d*~*z*~ = 173 nm. From the TEM image in Fig. S2[†](#fn1){ref-type="fn"} one can see that the NPs retained their shape and size after the antibody conjugation process, but they appear to stick together upon drying on the grid. We used an indirect approach to estimate the number of GAM Abs per NP. From the known amount of Ab in the conjugation reaction, we subtracted the amount of unbound antibody in the supernatant after particle sedimentation (determined by a Bradford protein assay, Fig. S3[†](#fn1){ref-type="fn"}), which gave an average number of 22 GAM Ab per NP.

Mass cytometry assays based upon GAM
------------------------------------

The NP--GAM Ab conjugate as a secondary antibody was examined in MC functional assays, where performance is defined by specific binding and enhanced sensitivity. Suspensions of cells of human cell lines related to acute myeloid leukemia (HL60 and KG1a), B lymphoma (Ramos), acute T cell leukemia (Jurkat) and acute monocytic leukemia (THP-1 and U937) were stained with murine anti-human primary antibodies directed to the cellular markers of interest. The cell-bound primary antibodies were then stained with the NP--GAM--Ab conjugate at varied titers. The stained cells were analyzed by MC, yielding a signal intensity histogram of ^165^Ho *vs.* cell number that indicated the binding between the cells and the NP--GAM--Ab. The ^165^Ho signal distribution observed represents the total binding (TB) of the NP--GAM--Ab to the cells. For simplicity, we will compare the arithmetic means of the signal distributions. Specific binding (SB) is defined as (total binding) -- (non-specific binding) (NSB). NSB was determined by the ^165^Ho signal observed in a parallel experiment omitting the primary antibody. In all of the experiments reported here, the arithmetic mean of the NSB \< 0.2% TB, and thus NSB makes a negligible contribution to the measured TB signals. As a consequence, we will consider the TB to be equivalent to the SB signals. SB/NSB values are used to determine the sensitivity of the NP conjugates.

Analysis of CD4 on Jurkat-T cells
---------------------------------

It is challenging to measure CD4 on Jurkat T cells with MCP-Ab reagents due to low abundance of CD4. We examined four different concentrations of NP--GAM--Ab (130, 660, 3300 and 16 700 NPs per cell). Each experiment was carried out in parallel on Jurkat cells that were treated with anti-CD4 primary Abs (TB) and those not treated with the primary Ab (NSB). Also in parallel, two identical cell samples, in the presence and absence of the primary Ab, were incubated with 0.5 μg MCP(Tm)--GAM as a comparison control. Each experiment involved treating 2 × 10^6^ primary stained or unstained live cells for 2 h at 4 °C in 100 μL PBS buffer containing 0.5 wt% bovine serum albumin (BSA) with the respective secondary conjugates. These experiments were carried out at 4 °C to minimize endocytosis of the NPs by the cells. Note that for an average of 20 Abs per NP, the range of antibody concentrations used (0.034 μg mL^--1^ to 3.34 μg mL^--1^) is significantly below the MCP(Tm)--GAM conjugate concentration (5 μg mL^--1^).

In [Fig. 3](#fig3){ref-type="fig"}, we compare results for the four different concentrations of NP--GAM--Ab and plot both the NSB and TB signals. At the lowest dose (130 NPs per cell), the NSB mean intensity (counts) was only 0.7. In analyzing mass cytometry data, we treat signal at the level of 1 to 2 counts as background. This result is consistent with no detectable NSB. In contrast, the SB signal had a mean intensity of 150 counts. Nevertheless, there is still a considerable population of cells in the SB signal histogram showing a mean value of 0. This low value indicates a cell population showing no detectable ^165^Ho signal because of the relatively low abundance of the CD4 antigen. When the NP dose was increased from 130 NPs per cell to 660 and 3300 NPs per cell, the mean value of the NSB signal was comparably low but the SB mean intensity increased, shifting the entire population to higher intensities such that a negligible number of cells was below the detection limit at the 3300 NPs per cell dosage. At the highest dose (16 700 NPs per cell), the NSB mean intensity increased to 14, whereas the SB mean intensity increased to 8000, yielding a SB/NSB ratio of 570. More importantly, the whole population of cells exhibited a detectable ^165^Ho signal in the SB experiment. The low level of non-specific binding observed in these experiments shows the potential of using NPs to detect low abundance biomarkers by MC.

![Histograms of the ^165^Ho signal obtained for the indirect detection of CD4 on Jurkat cells with NaHoF~4~ NP--GAM conjugates. These histograms are compared to the histogram obtained for a Tm-labeled MCP--GAM conjugate (*ca.* 3.8 × 10^6^ MCPs per cell). The data are plotted as histograms in FlowJo format. The red histograms refer to NSB and the cyan histograms refer to TB, which is negligibly different from SB. For non-specific binding studies, the Jurkat cells were not incubated with CD4 primary antibody prior to incubation with NPs or MCPs.](c8sc04407d-f3){#fig3}

Because of the quantitative nature of mass spectrometry, the mean intensity of the mass cytometry histogram can be translated to the average number of NPs bound to each cell. In our experiments, the transmission coefficient of ^165^Ho (*t*~Ho~), normalized to the signal of the 4-element calibration beads, is 2.57 × 10^--4^. The mean number of holmium atoms per NP were determined to be 12 400 (*N*~Ho/NP~) using ICP-MS measurements. In the SB experiment with the highest NP dose (16 700 NPs per cell), the mean intensity *I*~Ho~ was 8000, which corresponds to an average of 2500 NPs per cell.

From this calculation, we learn that in the SB experiment, approximately 15% of the 16 700 NPs per cell was specifically bound to the cells. In contrast, in the NSB experiment, the number of NPs per cell was calculated to be 14, which suggests only 14/16 700 = 0.08% of the NPs were bound non-specifically to the cell surface. The numbers of NPs specifically and non-specifically bound to cells at each dosage are presented in [Table 1](#tab1){ref-type="table"}.

###### Dosage, non-specific (NSB) and specific (SB) binding of NaHoF~4~ NP--GAM--Abs to Jurkat cells in order to detect the antigen CD4[^*a*^](#tab1fna){ref-type="fn"}

  Dosage/Jurkat cells (NPs per cell)                                  Mean NSB   NSB[^*b*^](#tab1fnb){ref-type="table-fn"} (NPs per cell)   Mean SB-CD4   SB[^*b*^](#tab1fnb){ref-type="table-fn"} (NPs per cell)
  ------------------------------------------------------------------- ---------- ---------------------------------------------------------- ------------- ---------------------------------------------------------
  130                                                                 0.7        0.2                                                        150           50
  660                                                                 1          0.3                                                        930           290
  3300                                                                3          1                                                          4000          1260
  16 700                                                              14         5                                                          8000          2500
  3.8 × 10^6^ (MCPs per cell)[^*c*^](#tab1fnc){ref-type="table-fn"}   0.07       ---                                                        500           ---

^*a*^The values (counts) presented in the table refer to the mean values obtained from the histograms in [Fig. 4](#fig4){ref-type="fig"} for different NP dosages and for the MCP conjugate for the indirect detection of CD4 antigen in Jurkat cells.

^*b*^Conversion of signal (counts) to NPs/cell uses the transmission coefficient of ^165^Ho (2.57 × 10^--4^) as described in eqn (1).

^*c*^One million MCP(Tm)--GAM--Ab conjugates. Because ^169^Tm and ^160^Gd are very similar in atomic mass to ^165^Ho, their transmission coefficients, normalized to the calibration beads, are very similar: ^165^Ho (2.57 × 10^--4^), ^169^Tm (2.4 × 10^--4^), ^160^Gd (2.25 × 10^--4^).

[Fig. 3E](#fig3){ref-type="fig"} presents corresponding results for Jurkat cells incubated with 0.5 μg MCP(Tm)--GAM as a comparison control. This corresponds to 1 million MCP(Tm)--GAM conjugates per cell (3.8 × 10^6^ MCPs per cell). The mean ^169^Tm intensity for SB by the MCP--GAM--Ab was 500 counts, compared to a signal intensity of 8000 found for the NP reagent at 16 700 NPs per cell ([Table 1](#tab1){ref-type="table"}). One sees that the mean signal intensity ratio between the NP- and MCP-based tags was 8000/500 = 16, indicating that the NP mass tag signal is 16-times stronger on average at these titres than the signal generated by the MCP mass tag. The plots in [Fig. 3](#fig3){ref-type="fig"} show that the shapes of the histograms for both MCP(Tm)--GAM and for NP--GAM are skewed to the left. The same anti-CD4 antibody clone (RPA-T4) was used in both sets of measurements. The skewed nature of the distributions may be due to the broad expression level of CD4 antigen on Jurkat cell model, or it may be related to the particular antibody clone used, which may not be optimal for surface antigen detection on this cell line. For the MCP(Tm)--Ab conjugate titre, we still see a fraction of cells with a mean signal of zero, indicating that the MCPs do not possess the sensitivity to show the whole population of Jurkat cells positive for CD4 antigen. In contrast, for the specific binding experiments with NaHoF~4~ NP--GAM (3300 NPs per cell and 16 700 NPs per cell), a negligible fraction of cells shows a count of zero due to the improvement in detection sensitivity with this type of tagging reagent. It is also important to note that the MCP reagent had a mean NSB signal of zero. This is very typical of MCP reagents in mass cytometry, that there is often no detectable NSB background.

Detection of other biomarkers
-----------------------------

We then examined the performance of NP--GAM--Ab conjugates by staining of 6 other markers on 5 different cell lines and compared the results to the performance of MCP--GAM--Ab reagents using same series of NPs/cell dosages as above. For the MCP reagents, we used concentrations that correspond to *ca.* 1 × 10^6^ MCP(Tm)--GAM--Ab conjugates per cell. Histograms of signal intensity for the SB and NSB experiments at each of the doses examined are presented in Fig. S4.[†](#fn1){ref-type="fn"} The mean intensity values of all the SB and NSB experiments are summarized in Table S1.[†](#fn1){ref-type="fn"} The SB intensity values for all 7 biomarkers on the various cell lines are presented in a bar graph format in [Fig. 4](#fig4){ref-type="fig"}. Based on the differences in SB intensity values between the NP- and MCP-conjugates, we have arbitrarily divided the biomarkers into three groups.

![Bar graphs showing the difference in the specific binding (SB) signal between the MCP (Tm)--GAM and NaHoF~4~ NP--GAM conjugates. Depending on the signal difference between the MCPs and NPs the markers have been classified in to three groups. Group 1 has CD20, and CD45 markers which shows 2 to 3 times higher SB signal for NPs compared to MCPs. Group 2 comprises CD4, and CD3 markers which shows 15 to 16 times higher SB signal for NPs compared to MCPs. Group 3 comprises CD14, CD33 and CD7 markers, which show only 1 to 3 times higher signal for the NPs than their MCP counterparts.](c8sc04407d-f4){#fig4}

Group 1, which includes CD20 (clone -- 2H7) on Ramos cells, CD45 (clone -- HI30) on THP-1 cells and CD45 on Jurkat cells, represents a group of cellular markers that are highly expressed on their respective cell lines. The mean SB intensity values obtained by the use of the MCP tag on these markers exceeded 2000 counts. This is a very strong signal. The NP--GAM--Ab conjugates at 16 700 NPs per cell gave an even stronger signal, reaching 10 000 counts. For high-expression biomarkers, the NPs offer little or no advantage over MCP reagents for biomarker detection.

Group 2 ([Fig. 4](#fig4){ref-type="fig"}) includes markers that are less abundant than those in Group 1, namely CD4 (clone -- RPA-T4) on THP-1 cells and on Jurkat cells, and CD3 (clone -- UCHT1) on Jurkat cells. The mean SB intensity values from the MCP conjugates in this group were between 200 and 500 counts, a factor of 2--10 lower than the values in Group 1. When the NaHoF~4~ NP--GAM--Ab conjugates were used to detect these markers, the mean SB intensity values were 10--15 times stronger than the values given by the MCP tags, showing a clear evidence of the improved sensitivity of NP tags in detecting relatively low abundance markers compared to MCP tags.

Group 3 includes CD7 (clone -- 6B7) on KG1a cells, CD33 (clone -- WM53) on HL60 cells and CD14 (clone -- M5E2) on THP-1 cells, all of which are low abundance markers. Here, however, the mean SB intensities of the NP conjugate, compared to its MCP counterpart, was enhanced by only a factor of 1 to 3. For example, the NP conjugate at 16 700 NPs per cell gave a mean signal of 3000 counts for CD7 on KG1a cells, whereas the MCP conjugate gave a mean signal of 800 counts. An even smaller difference was found for CD14 on THP-1 cells. This NP dosage yielded a mean signal of 340 counts whereas the MCP conjugate gave a mean signal of 290 counts. We have no definitive explanation for the lower increases in intensity that would be expected from the NaHoF~4~--NP--GAM Ab conjugates. Later assays using labeled primary antibodies (see below) show significant enhancements in sensitivity, suggesting that the staining conditions or particulars of the secondary antibody recognition complicate this analysis.

Detection of CD14 using a NaHoF~4~ NP--Anti CD14 Ab conjugate
-------------------------------------------------------------

We next turned our attention to the use of a monoclonal primary Ab for low expression biomarker detection. Here we examine CD14 expression in THP-1 and U937 cells with the NaHoF~4~ NPs conjugated to an anti-CD14 Ab. CD14 is a well-known low abundance marker. In most cases, the expression level is enhanced through the stimulation of cells. Our intention was to see whether we can detect CD14 expression in THP-1 and U937 cells without any kind of external stimulation to the cells. Conjugation of anti-CD14 Ab to the NaHoF~4~ NPs was carried out as described above for the NP--GAM conjugate. The Bradford assay also led to a value of *ca.* 20 Abs per NP. Ramos cells, which do not express CD14, were employed as a control to determine NSB. We incubated the THP-1, U937 and Ramos cells (2 million cells, PBS buffer + 0.5% BSA, 4 °C) with a series of NP dosages ranging from 200 NPs per cell to 200 000 NPs per cell. Histograms for low doses of NP conjugates are presented in Fig. S5,[†](#fn1){ref-type="fn"} and histograms for higher doses are presented below in [Fig. 5](#fig5){ref-type="fig"}.

![Histograms of the signal obtained for the detection of CD14 marker in THP-1 cells and U937 cells using a primary anti-CD14 Ab. (A, B) Refer to THP-1 cells treated with two different titers of NaHoF~4~ NP--CD14 conjugates. (C, D) Refer to U937 cell treated with titres equivalent to the THP-1 cells. (E) Refers to THP-1 cells treated with a one million Gd-labeled MCP--CD14 conjugates per cell. (F) Refers to U937 cells treated with the same dose of MCP--CD14 conjugate. The blue curves represent the positive signal (specific binding) and the red curves represent the negative signal (NSB). The negative controls used for these measurements are Ramos cells, which do not express CD14.](c8sc04407d-f5){#fig5}

At the initial dosage of 200 NPs per cell, there was no signal observed for CD14 expression in both U937 and THP-1 cells. At 1000 NPs per cell for both cell lines (Fig. S5[†](#fn1){ref-type="fn"}), we found mean SB values of 15--20 counts, with a significant population of cells (∼80%) below the detection limit. As the staining concentration was increased to 5000, and 25 000 NPs per cell (Fig. S5[†](#fn1){ref-type="fn"}) the histogram shifted to mean signal intensities of 110 and 410 counts (Table S3[†](#fn1){ref-type="fn"}), respectively for THP-1 cells and 80 and 290 counts for U937 cells. There is still a portion of cells which is below the detection limit at these staining concentrations (Fig. S5[†](#fn1){ref-type="fn"}). When the staining dosage was further increased to 75 000 NPs per cell ([Fig. 5](#fig5){ref-type="fig"}), the mean value increased to 880 counts for THP-1 cells and 480 counts for U937 cells (Tables S3 and S4[†](#fn1){ref-type="fn"}). For the highest dosage of 200 000 NPs per cell, the mean ^165^Ho signal was 1920 counts for THP-1 cells and 900 counts for U937 cells ([Fig. 5](#fig5){ref-type="fig"}).

To our surprise, the mean NSB on Ramos cells (CD14^--^) at the highest dosage (200 000 NPs per cell) was just 15 counts, similar to the mean NSB signal (22 counts) for the NP--GAM--Ab conjugate at 16 700 NPs per cell used to detect CD14 on THP-1 cells. Calculation of the mean number of nanoparticles in the 200 000 NPs per cell experiments gives *ca.* 600 NPs per cell for the SB experiment with the primary CD14 Ab and only *ca.* 5 NP per cell in the NSB control. The NSB binding here represents only 0.0025% of the NPs applied. This is significantly below the NSB observed in the application of the NaHoF~4~--NP--GAM secondary antibody (0.18% at 16 700 NPs per cell). GAM is a polyclonal antibody that consists of many different monoclonal IgGs, each of which will have a different non-specific binding characteristic. With this monoclonal CD14 (clone-M5E2) antibody, the IgG is characterized by low NSB. With a different clone or another monoclonal Ab, this may not be the case. It is also accepted that polyclonal antibodies in general have higher background.

Furthermore, when comparing the primary NP-conjugate to the primary MCP--^160^Gd--antiCD14 Ab conjugate, significant improvements in sensitivity were observed. For THP-1 cells stained with 1 million MCP--^160^Gd--Ab conjugates/cell, a mean value of *ca.* 66 counts was observed and for U937 cells, the mean signal was near the detection limit (3 counts) (Table S3[†](#fn1){ref-type="fn"}). Even though the mean value obtained for CD14 in THP-1 cells is far above the background, we observed that the histogram shows a substantial signal at zero counts. When we compare the performance of NaHoF~4~ NP--antiCD14 conjugates with the MCPs, we find that the total population of THP-1 cells has been shifted towards a mean value that is much higher than the background signal. When we compare the mean value of 66 obtained from the MCP-based reagent with the NP reagent, the NP reagents (200 000 NPs per cell) performed 30 times better. For U937 cells the MCP--^160^Gd--antiCD14 Ab reagent yielded such a low signal (2 counts, essentially equal to background), that one would conclude that CD14 is not expressed on U937 cells. When we compare the mean intensities obtained from the NPs (200 000 NPs per cell) and MCPs the NPs exhibit a signal at least 450 times higher than that of the MCPs. This result shows how nanoparticle--Ab conjugates can be a powerful tool to identify and detect low abundance markers and rare phenotypes.

Mass cytometry experiments to identify the CD14 population in PBMC
------------------------------------------------------------------

Based on the encouraging results described above, we next examined the interaction of NaHoF~4~ NP--CD14-conjugates with PBMCs. First, we note that mass and flow cytometry have been shown to provide comparable cellular subset and marker frequencies for PBMCs.[@cit38] The experiments reported here were carried out with three different objectives in mind: (i) to test whether the NP-based reagents could identify a specific phenotype in a mixture of cell types; (ii) to examine the level of non-specific interaction of NPs with a variety of cells; and (iii) to see if the NP reagent interfered with the detection of other biomarkers in a multiparameter assay with MCP-based reagents. In these experiments, the PBMC were treated sequentially with the CD14--NP conjugate followed, after washing, by a cocktail of six MCP--Ab conjugates targeting CD20, CD45, CD16, CD4, CD8a and CD3 surface markers. We studied a series of CD14--NP dosages, from 200 to 25 000 NPs per cell. As a comparison control experiment, the NaHoF~4~ NP--antiCD14 conjugate was replaced with its MCP--^160^Gd--antiCD14 counterpart. The PBMC sample was gated using the CD20, CD45, CD16, CD4, CD14, CD8a and CD3 surface markers, and the gating strategy is shown in Fig. S6.[†](#fn1){ref-type="fn"} The classical monocytes (CD14^+^CD16^--^) show an increase in mean signal value for CD14 as the nanoparticle dosage was increased from 200 to 25 000. The histograms and mean values for the dosages from 200 to 5000 NPs per cell are presented in Fig. S7 and Table S4.[†](#fn1){ref-type="fn"} The histograms for the NP-conjugate at 25 000 NPs per cell and for the MCP reagents are presented in [Fig. 6](#fig6){ref-type="fig"}. At the highest dosage (25 000 NPs per cell), we obtained a mean value of 2150 counts for the CD14^+^CD16^--^ classical monocytes, whereas with the MCPs, we obtained 110 counts as the mean value ([Table 2](#tab2){ref-type="table"}). It is clear that the NP conjugate is far more sensitive compared to the MCP conjugate. When we analyzed the CD4^+^ T-lymphocytes, the CD8^+^ T-lymphocytes and the B-lymphocytes for the ^165^Ho NP signal ([Fig. 6](#fig6){ref-type="fig"}, [Table 2](#tab2){ref-type="table"}), the mean value was 4 to 5 counts, just slightly above the background. We see that the interaction of the NaHoF~4~ NP--CD14 conjugate with cells that do not express CD14 is minimal at 25 000 NPs per cell.

![Histograms of the signals obtained from the NaHoF~4~ NP--antiCD14 conjugate (dosage 25 000 NPs per cell) and the MCP--^160^Gd--antiCD14 conjugate obtained for six different cell phenotypes found in the PBMCs. (A) CD3^+^CD20^--^ (T lymphocytes), (B) CD20^+^CD3^--^ (B lymphocytes), (C) CD4^+^CD8a^--^ (T lymphocytes), (D) CD4^--^CD8a^+^ (T lymphocytes), (E) CD14^+^CD16^--^ (classical monocytes), (F) CD16^+^CD14^--^ (NK/non-classical monocytes). The mean values for ^165^Ho and ^160^Gd for all six phenotypes are presented in [Table 2](#tab2){ref-type="table"}. These data were obtained from a 7-plex experiment. For experiments with the NPs, the NPs were initially incubated with the cells (2 h at 4 °C), and after washing, followed by incubating with the six MCP--Ab conjugates. The cells were washed, fixed, and stained with the Ir intercalator prior to analysis by MC. For the control experiments with the MCP--^160^Gd--antiCD14 conjugate, the cells were stained with all seven MCP--Ab conjugates simultaneously.](c8sc04407d-f6){#fig6}

###### Mean values for NaHoF~4~ NP--CD14 and MCP--CD14 conjugates obtained from the histograms presented in [Fig. 6](#fig6){ref-type="fig"} for various phenotypes in PBMC. The NP dosage was 25 000 NPs per cell

  Phenotype (PBMC)                               MCP--CD14   NP--CD14
  ---------------------------------------------- ----------- ----------
  CD3^+^CD20^--^ (T-lymphocytes)                 2           3
  CD20^+^CD3^--^ (B-lymphocytes)                 2           5
  CD4^+^CD8^--^ (T-lymphocytes)                  2           4
  CD4^--^CD8^+^ (T-lymphocytes)                  1           2
  CD14^+^CD16^--^ (classical monocytes)          110         2160
  CD16^+^CD14^--^ (NK/non-classical monocytes)   0.5         3

The PBMC experiments also provide information on whether the NPs affect the ability of other MCP-based conjugates to bind to specific markers when used in a multiplexed assay. If the NPs interfered with antigen--antibody binding at the cell surface, the MCP-tagged reagents would show a lower signal for all markers in the presence of the NP conjugate compared to the control experiment in which the NPs were replaced with the MCP(Gd)--CD14 conjugate. The mean signals obtained for the MCP-tagged antibodies (CD20, CD4, CD8, CD3, CD16, CD45) determined in the presence of the NPs exhibit no significant statistical difference from those of the control sample. The mean values for all markers are presented in Table S5.[†](#fn1){ref-type="fn"} This result clearly establishes that the presence of the NPs did not hinder the marker recognition of other MCP--Ab conjugates.

Conclusions
===========

We synthesized 12 nm NaHoF~4~ NPs coated with a thin silica shell to which functional PEG(5k) were attached. This construct was conjugated to either a GAM antibody or an anti-CD14 primary Ab using thiol maleimide chemistry. The GAM Ab conjugated NPs were tested for indirect detection of both abundant markers (CD20, CD45, CD33) and less abundant markers (CD3, CD4, CD14 and CD7) in different cell lines. We found that the NP--GAM conjugate showed an enhancement of *ca.* 15 times for the detection of CD4 and CD3 biomarkers in Jurkat cells when compared to the MCP reagent. With abundant markers like CD45 and CD20, the NP--GAM conjugates gave signals close to saturation of the instrument (∼10 000 counts). The signal intensity when compared to MCP-based reagents was only 2 to 3 times higher for CD33 and CD7 markers. With CD14, there was no enhancement in signal from the NP--GAM conjugates compared to the MCPs. We do not have any explanation at this point to why less abundant markers like CD7, and CD14 perform poorly in this secondary Ab assay when compared to the other low-abundance markers CD4 and CD3.

In contrast, with the direct detection of CD14 marker using a primary NP--antiCD14 conjugate, we found large enhancements in signal compared to a corresponding MCP--antiCD14 conjugate. For THP-1 cells, the enhancement in signal for the NPs was more than 30 times higher. In the U937 cell line, which is similar to THP-1 macrophage cells, we found an even larger enhancement, more than two orders of magnitude higher (\>400 times), compared to the MCP--antiCD14 reagent. It is clear that for this low expression biomarker, the NP reagent offers a significant advantage in terms of enhanced signal. Even at a very high dosage (200 000 NPs per cell), the level of non-specific binding was remarkably low. We note that direct conjugation of NP to the primary CD14 Ab provides not only greater signal enhancement, but also lower NSB levels than experiments with NP--GAM as a secondary Ab.

A 7-plex assay carried out on PBMC samples showed that the presence of the NP--CD14 conjugate along with other MCP--Ab conjugates did not interfere with the ability of metal-tagged antibodies to recognize their target antigen. Additionally, the signal for the detection of classical CD14-positive monocytes showed a 20-fold increase for the NP conjugate compared to the control, where it was replaced with a MCP--antiCD14 conjugate. The NP reagent also exhibited a very small signal, only slightly above the background, for non-specific interaction with other PBMC cell types.

Experiments reported here using NaHoF~4~ NPs for mass cytometry single cell assays represent a very important first step in utilizing NPs as high sensitivity reagents to identify low abundance markers. Efforts are underway to extend the synthesis and coating protocols to other lanthanide NPs[@cit32] with the intent of creating a family of NP reagents for multiparameter MC assays.
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